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1. General neutrino interactions

Standard, Non-Standard, Even-Less-Standard?

Ingolf Bischer General Neutrino-Electron Interactions 3



Standard neutrino interactions
Reactor and accelerator neutrinos

Among our favourite sources of neutrinos:

I Reactors and accelerators controllable & rather well
understood

I Still neutrino flux determination theoretical and experimental
challenge

I Interesting approaches:
I Compare two observables which have a similar relative flux

dependence, such that the flux cancels (why we are here...)
I Choose observables which are not too sensitive to the flux

normalisation (why I am here...)
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Standard neutrino interactions
Reactor and accelerator neutrinos

I Reactor and accelerator neutrinos sources typically below the
weak scale ⇒ well-described by Fermi theory of effective
interactions between four fermions

−→

2
√

2GF = g2

2m2
W
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Standard neutrino interactions
Reactor and accelerator neutrinos

I Both sources typically below the weak scale ⇒ well-described
by Fermi theory of effective interactions between four fermions

Fermi Lagrangians (in flavor basis)

LNC = −2
√

2GF

∑
X=L,R

gνL (ναγµPLν
α) gψX

(
ψγµPXψ

)
L`CC = −2

√
2GF (eαγµPLν

α)
(
eβγµPLν

β
)

LqCC = −2
√

2GF (eαγµPLν
α)
(
uβγµPLd

β
)

ψ = e, u, d , . . .
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Non-Standard neutrino interactions

I Idea: New high-energy physics may leave a similar trace like
the “integrated out” W and Z bosons in the low-energy
regime ⇒ Non-Standard modifications with respect to Fermi
theory

να eα

V

eβ νβ

−→

να eα

eβ νβ

Interaction strength ∝ g2
V

m2
V
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Non-Standard neutrino interactions

I Idea: New high-energy physics may leave a similar trace like
the “integrated out” W and Z bosons in the low-energy
regime ⇒ Non-Standard modifications with respect to Fermi
theory

NSI Lagrangians (in flavor basis)

LNSI
NC = −2

√
2GF

∑
X=L,R

εψ,Xαβ

(
ναγµPLν

β
) (
ψγµPXψ

)
LNSI
CC = −2

√
2GF

∑
X=L,R

εXαβ

(
eαγµPLν

β
)

(uγγµPXd
γ)

I ε ∝ m2
W

m2
NP

g2
NP
g2 ? current bounds ∼ 10−3 − 10−1 dep. on flavor
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General neutrino interactions

I Idea: What is the most general four-fermion interaction
Lagrangian if we admit right-handed neutrinos?

Five Lorentz-invariant Lagrangians constructed from four
Dirac spinors ψi

LS (ψ1, ψ2, ψ3, ψ4) =
(
ψ1ψ2

) (
ψ3ψ4

)
,

LP (ψ1, ψ2, ψ3, ψ4) =
(
ψ1γ

5ψ2

) (
ψ3γ

5ψ4

)
,

LV (ψ1, ψ2, ψ3, ψ4) =
(
ψ1γ

µψ2

) (
ψ3γµψ4

)
,

LA (ψ1, ψ2, ψ3, ψ4) =
(
ψ1γ

µγ5ψ2

) (
ψ3γµγ

5ψ4

)
,

LT (ψ1, ψ2, ψ3, ψ4) =
(
ψ1σ

µνψ2

) (
ψ3σµνψ4

)
,

σµν =
i

2
[γµ, γν ]
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General neutrino interactions

I Reformulate in terms of definite chiralities:

Five Lorentz-invariant Lagrangians constructed from four
Dirac spinors ψi

LS
XY (ψ1, ψ2, ψ3, ψ4) =

(
ψ1PXψ2

) (
ψ3PYψ4

)
LV
XY (ψ1, ψ2, ψ3, ψ4) =

(
ψ1γ

µPXψ2

) (
ψ3γµPYψ4

)
LT
X (ψ1, ψ2, ψ3, ψ4) =

(
ψ1σ

µνPXψ2

) (
ψ3σµνPXψ4

)
X ,Y = L,R

⇒ in principle 10 indep. interaction terms for chiral fermions
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General neutrino interactions

I Reformulate in terms of definite chiralities:

Five Lorentz-invariant Lagrangians constructed from four
Dirac spinors ψi

LS
LY (νL, νL, ψ3, ψ4) = (νLPLνL)

(
ψ3PYψ4

)
= 0

NSI:LV
LY (νL, νL, ψ3, ψ4) = (νLγ

µPLνL)
(
ψ3γµPYψ4

)
LT
L (νL, νL, ψ3, ψ4) = (νLσ

µνPLνL)
(
ψ3σµνPLψ4

)
= 0

Y = L,R

⇒ in principle 10 indep. interaction terms for chiral fermions
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General neutrino interactions

I Considering left-handed and right-handed neutrinos, the
general four-fermion interaction Lagrangians can be
parametrised as

GNI Lagrangians (in flavor basis)

LGNI
NC = −GF√

2

∑
α,β

10∑
j=1

(
ε j ,ψ

)
αβ

(
ναOjν

β
) (
ψO′jψ

)

LGNI
CC = −GF√

2

∑
α,β

10∑
j=1

(
ε j ,ψ

)
αβ

(
eαOjν

β
) (

uO′jd
)

I Ten ε-parameters instead of two!

I Remark: Parametrisation not unique, but convenient
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General neutrino interactions

j
(∼)
εj Oj O′j

1 εL γµ(1− γ5) γµ(1− γ5)
2 ε̃L γµ(1 + γ5) γµ(1− γ5)
3 εR γµ(1− γ5) γµ(1 + γ5)
4 ε̃R γµ(1 + γ5) γµ(1 + γ5)
5 εS (1− γ5) 1

6 ε̃S (1 + γ5) 1

7 −εP (1− γ5) γ5

8 −ε̃P (1 + γ5) γ5

9 εT σµν(1− γ5) σµν(1− γ5)
10 ε̃T σµν(1 + γ5) σµν(1 + γ5)

Ingolf Bischer General Neutrino-Electron Interactions 11



General neutrino interactions
Remark on Dirac or Majorana nature

GNI NC Lagrangian (in flavor basis)

LGNI
NC = −GF√

2

∑
α,β

10∑
j=1

(
ε j ,ψ

)
αβ

(
ναOjν

β
) (
ψO′jψ

)

I In Dirac case (3 flavors), realness of L implies:

εLαβ = εL∗βα , ε̃Lαβ = ε̃L∗βα , εRαβ = εR∗βα , ε̃Rαβ = ε̃R∗βα ,

εSαβ = ε̃S∗βα , εPαβ = −ε̃P∗βα , εTαβ = ε̃T∗βα ,

which amounts to 90 free parameters.

I In Majorana case one finds additionally:

ε
L/R
αβ = −ε̃L/Rβα , ε

S/P
αβ = ε

S/P
βα , εTαβ = −εTβα .

which reduces the set to 48 free parameters.
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General neutrino interactions
Remark on Dirac or Majorana nature

Subconclusion:

I If we discover general neutrino interactions which require
Dirac nature, the case is settled!

I If we discover Majorana-compatible general interactions, the
case is as open as ever.

[Rosen PRL48 1982], [Rodejohann et al. 1702.05721]
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General neutrino interactions
Possible Origin

I S/P/T cannot originate from dimension-6 SMEFT operators
I SM+RHν N gauge invariant EFT operators to generate εS , εP , εT :

SM+N EFT 1

OϕNe = 1
Λ2 C

ϕNe
αβ i

(
ϕ̃†Dµϕ

) (
Nαγ

µeβ
)

+ h.c.

ε
S,eβ
αβ = −εP,eβαβ = ε̃

S,eβ∗
αβ = ε̃

P,eβ∗
αβ = 2CϕN`αβ

SM+N EFT 2

O`N`e = 1
Λ2 C

`N`e
αβγδ

(
L
i

αNβ
)
εij

(
L
j

γeδ
)

+ h.c.

εS,eδαβ = εP,eδαβ = ε̃S,eδ∗βα = −ε̃P,eδ∗βα =
(
C `N`eβαδδ

)∗
+

1

2

(
C `N`eδαβδ

)∗
εT ,eδαβ = ε̃T ,eδ∗βα =

1

8

(
C `N`eδαβδ

)∗
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General neutrino interactions
Summary

Why consider GNI?

I Model-independent parametrisation of new physics (more
general than NSI)

I Indirect access to high energy scales m/g = (
√

2/εGF )1/2

I Experimentally accessible by cross section measurements

I Can potentially discriminate Dirac from Majorana nature of
neutrinos

I Can be generated at the level of gauge-invariant dimension-six
operators

Open:

I Complete models generating them?
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2. Neutrino-electron scattering at
DUNE ND

Based on
[I.B., W. Rodejohann 1810.02220]

Ingolf Bischer General Neutrino-Electron Interactions 16



Neutrino-electron scattering at the DUNE near detector
Neutrino fluxes

0 5 10 15

10−6

10−4

Eν/GeV

Φ
/

G
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−

1
m
−

2
P
O
T
−

1

Neutrino beam

νµ
νµ
νe
νe
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10−4

Eν/GeV

Antineutrino beam

νµ
νµ
νe
νe

[DUNE; T. Alion et al. 1606.09550], Plot: [I.B., W. Rodejohann

1810.02220]
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Neutrino-electron scattering at the DUNE near detector

Ideas:
1. Most abundand leptonic scattering νµ + e → νβ + e
What is the sensitivity of DUNE ND to new physics from this
process? [Falkowski et al. 1802.08296]

2. Matter NSI are known to affect the measurement of δCP. Can
we constrain them independently to support the measurement?

The general interaction Lagrangian

LGNI = −GF√
2

∑
α,β

10∑
j=1

(
ε j
)
αβ

(
ναOjν

β
) (

eO′je
)
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Neutrino-electron scattering at the DUNE near detector
Differential cross sections

dσνµ→νβ
dT

=
G 2
Fme

π

[
A + 2B

(
1− T

Eν

)
+ C

(
1− T

Eν

)2

+ D
meT

E 2
ν

]
dσνµ→νβ

dT
=

G 2
Fme

π

[
C + 2B

(
1− T

Eν

)
+ A

(
1− T

Eν

)2

+ D
meT

E 2
ν

]

Eν � me : energy of the incoming (anti)neutrino
T : kinetic energy of the recoiled electron

ASM = 2g2
Lδµβ , BSM = 0 , CSM = 2g2

Rδµβ , DSM = −2gLgRδµβ
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Neutrino-electron scattering at the DUNE near detector
Differential cross sections

dσνµ→νβ
dT

=
G 2
Fme

π

[
A + 2B

(
1− T

Eν

)
+ C

(
1− T

Eν

)2

+ D
meT

E 2
ν

]
dσνµ→νβ

dT
=

G 2
Fme

π

[
C + 2B

(
1− T

Eν

)
+ A

(
1− T

Eν

)2

+ D
meT

E 2
ν

]

A = 2|εLµβ|2 +
1

4
(|εSµβ|2 + |εPµβ|2) + 8|εTµβ|2 − 2Re

(
(εS + εP)µβε

T∗
µβ

)
,

B = −1

4
(|εSµβ|2 + |εPµβ|2) + 8|εTµβ|2 ,

C = 2|εRµβ|2 +
1

4
(|εSµβ|2 + |εPµβ|2) + 8|εTµβ|2 + 2Re

(
(εS + εP)µβε

T∗
µβ

)
,

D = −2Re
(
εLµβε

R∗
µβ

)
+

1

2
|εSµβ|2 − 8|εTµβ|2 .
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Neutrino-electron scattering at the DUNE near detector
Observable parameters

Exotic S, P, T interactions:
I Unless S/P and T non-vanishing depend only on |εjµβ|2
I Sum over final neutrino flavors:

Observables = |εjµ|2 ≡
∑

β=e,µ,τ

|εjµβ|2 , j = S ,P,T

Non-Standard L, R interactions:
I Seperate SM and NSI contributions:∑

β

∣∣∣gjδµβ + εj ,NSI
µβ

∣∣∣2 =
(
gj + εj ,NSI

µµ

)2
+
∑
β=e,τ

|εjµβ|2 , j = L,R

I Flavor diagonal and non-diagonal parts contribute seperately:

Observables = εj ,NSI
µµ , |εj ,NSI

µ |2 ≡
∑
β=e,τ

|εjµβ|2 , j = L,R
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Neutrino-electron scattering at the DUNE near detector
Observable parameters

In conclusion: 7 Observables

Obs. ε
L/R,NSI
µµ |εL/R,NSI

µ | |εS/P/Tµ |

GNI ε
L/R,NSI
µµ |εL/R,NSI

µe | , |εL/R,NSI
µτ | |εS/P/Tµe | , |εS/P/Tµµ | , |εS/P/Tµτ |

I 4 NSI and 3 exotic

I Reduces to 6 if we consider that S and P are indistinguishable
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Neutrino-electron scattering at the DUNE near detector
Experimental Setup

I Assume 84t argon

I Measure kinetic energy of recoiled electrons (Eth = 0, update
in prep.)

I Assume 0.06/
√
Ee(GeV) resolution

I 2.5+2.5 years of operation (total 2.809 · 1021 POT per
channel)

I 1% flux normalisation uncertainty (5% update in prep.)
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Neutrino-electron scattering at the DUNE near detector
Expected recoil spectra in the SM and in presence of GNI

0 2 4 6 8 10

0.8

0.9

1

1.1

T/GeV

N
/N

S
M εL,NSI

µµ = 0.03

εR,NSI
µµ = 0.03

|εS(P )
µ | = 0.25

|εTµ | = 0.02

Spectral distortions good way to distinguish new interactions (less
flux normalisation sensitivity)
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Neutrino-electron scattering at the DUNE near detector
Expected bounds (90%CL) at 1% flux normalisation uncertainty, 2.5+2.5 years

Observ. NPParam. Proj. DUNE CHARM-II M
g ′ [TeV]

εL,NSI
µµ εL,NSI

µµ ±0.0028 [−0.06, 0.02] 6.7

εL,NSI
µ |εL,NSI

eµ | , |εL,NSI
µτ | 0.039 1.8

εR,NSI
µµ εR,NSI

µµ ±0.0027 [−0.06, 0.02] 6.8

εR,NSI
µ |εR,NSI

eµ | , |εR,NSI
µτ | 0.035 1.9

εSµ |εSeµ| , |εSµµ| , |εSµτ | 0.12 0.4 1.0

εPµ |εPeµ| , |εPµµ| , |εPµτ | 0.12 0.4 1.0

εTµ |εTeµ| , |εTµµ| , |εTµτ | 0.012 0.04 3.1

Preliminary update: More conservative configuration of 5% flux
normalisation uncertainty and Eth = 1 GeV weakens bounds by roughly
30% ⇒ still clear improvement
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Neutrino-electron scattering at the DUNE near detector
Expected two-parameter bounds
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Neutrino-electron scattering at the DUNE near detector
Degeneracies

Can we uniquely identify new physics signatures?

I εL,NSI
µµ > 0 distinguished

I εL,NSI
µµ < 0, |εL,NSI

µe |, |εL,NSI
µτ | degenerate

I εR,NSI
µµ < 0 distinguished

I εR,NSI
µµ > 0, |εR,NSI

µe |, |εR,NSI
µτ | degenerate

I |εSµ|, |εPµ | degenerate

I |εTµ | distinguished

Degeneracies with respect to flux normalisation:

I εL,NSI
µµ > 0, εR,NSI

µµ < 0 or vice versa

I |εTµ |
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Conclusion

General neutrino interactions

I leave distinct spectral signatures (NSI vs. S/P vs. T )

I are straightforward to include in fits

Sensitivity at DUNE ND (5 year run)

I Improved bounds up to one order of magnitude

I Scales up to 6 TeV indirecly accessible

I Spectral information reduces sensitivity to flux normalisation

I Complementary bounds on matter NSI to support the
robustness of the determination of δCP from ν-oscillation
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Thank you!

. . . and thanks to Werner Rodejohann, Xun-Jie Xu!
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Backup slides
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Neutrino-electron scattering at DUNE ND
Data fitting

I Employed χ2 function:

χ2(~ε) =
a2

σ2
a

+
∑

X=νµ,νµ

nbins∑
i=1

(
(1 + a)NX

i (~ε)− NX ,SM
i

)2

(σXi )2(~ε)

I a: compensation for uncertainties affecting the total number
of events (e.g. flux normalisation)

I Assume in each bin statistically dominated σXi
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General neutrino interactions
Remark

Equivalent parametrisation of GNI:

L = −GF√
2

∑
a=S,P,V ,A,T

(να Γaνβ)
(
ψΓa(C a

αβ + D
a
αβ iγ

5)ψ
)
,

where
Γa ∈

{
1, iγ5, γµ, γµγ5, σµν

}
,

used by, e.g. [Kayser et al. PRD20 (1979)], [Rosen PRL48 (1982)]
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